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TABLE 2: SCE’WE oBQIEcT.m”Es COVERED  By 66 STMWMAX” PAYLOAD
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science object ivcs.

1,ower Cost l;catutcs in the W lhadine.

The major factor to reduce COS(S for the clevclopt)mnt project was to c.al l-y a payload that directly
explored only abcmt 2S0/0  of the. scic]m itjtej CS[S in a plalmttiry flyby. “J”hcse interest were
embodied in the category 1 a objectives ris dc.fined by the appropl i at c w.icnce working group. This
was the minirnunl that this science g~otll) w(mld iwccj~t.  Wi[lmut  v’cukit]g hard with C)uter
Planets Science Working Grouj) tc) arl  kc. at this ricceptaldc  n~inilliuln,  there would have been 3 to
4 times the scimce. object ives and a ~mxl ft)~ 3 to 4 tit ms the scic]icc illst~  umicntation,  ‘l”hus,
scopinp, the scictm. to was the lal~@ si~lp,tc. fic[m in lcducing the collqdcxity, mass, required
power and cost of the mission.

It was intcrwting to note that when the sci(?lllific capability of the suite of4 rmulting instruments
were exanlined ap,ainst all the sc.ic]mc i~d c1 (Ms, tllcy \vm able to rIclIicvc about  75°/0 of the total
category 1 scicncc (’1’able. 2).



TABLE 3 RESULTS OF PLUTO MfSSION DESIGN and PROJECT DEFINITION

MISSION NAME (year) 1 RESULTS

I
PIWtO Fast F;y-5y ’92 !Wse!ir?e \- Mission Developme~t Cost= FY?2S 363 M

I. ~ ?/2 yr Prvje~. Duration (Pre-proje&L is 2 y%)[ I
I - 7.5 yr Cruise to Pluto
! . 1 vr Data Playback After Enwur?ter

- Surface Composition Mapping
- Neutrai Atmosphere Composition & Stmttire

I !

. . -’lo Vr c~ise
I !- US m Russian Launch Vehk!es i

- -5 JPL %ople Cruise ‘vfission Staffing
/- Sciencecraft  Devefopnent  Approach /
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The next most important factor in keeping costs low was to keep the. rest of the spacecraft simple.
For example, there is no instrument scan platfornl, unfolding antennas, or panels that open, Cold
gas thrusters are used for attitude conti 01 rather Ihan the more complex reaction wheels or
moving secondary mirrors. There is nc) low gain antenna.

The third major area for lowering costs in this concept is mi[limizing  the use of new technology
and utilizing existing parts (spares from previous missions), with high inheritance from previous
designs and technology. In general, the spacecraft used components that would have been
qualified within 2 years (by 1994) with rninm exceptions. I“he RIG utilized long mission proven
silicon germanium thermocouples, as well as the standard general purpose heat source modules
already safety tested for the Galileo Jupiter mission. The propulsion subsystem is entirely off-
the-shel~ with a high gain antenna from re:siduaj Viking  hardware. Many components have
Caxsini  mission inheritance. The Solid State Power Amplifier is bawd on commercially available
parts in a new component design. The I’elernetry Control lJnit is a reduced fwiction device using
Cassini  pieces repackaged in a smallel form. ‘Mc exceptions to inheritance hardware are
relatively low risk developments.

The use of known U.S. launch systems with a good data base (safety data book developed for
Cassini)  simplifies the launch approval and National Environmental Policy Act review process.
This reduces the schedule and cost risk in these areas.

Although not part of the mission clevclopmen{.  cc~st goal, approaches to mission operations and
DSN tracking were defined so that the overall project cost would bc reduced. Prior missions
ofien ignored mission operations costs during early design phases. A cooperative approach was
taken between JPL and a university-bawd mission operations center patterned in part after the
successful JPLAJniversity of Colorado Solar A4e.~osphete  lh-plorer  mission, Mission and
spacecraft design features are key to lower Mission ope] aticms costs such a.s long periods of
unattended operation during cruise, using a single weekly tracking and data collection pass of4
hours. On-board data processing minimizes the amount of engineering data that must be
downlinked and analyzed.

Development began on spacecraft capabilities that allow cruise commands to be uplinked without
elaborate simulation and constraint checking, The encounter cc)mmand sequence is pre-planned
and tested during cruise and is slightly adjusted only immediately before closest approach. A
large on-board memory permits capture of all science dat a and allows its subsequent return over a
limited dowrdink via routine daily DSN passes for up to a year following encounter. A progressive
development philosophy was adopted where the basic mission operations system is developed at
the star-t of the project and used tc) support. a ran~e of activities evolving from subsystem test,
spacecraft test and calibration and into post-launch operations.

The resulting mission development cost of I~Y92$363M is considerably less than would be
expected based on previous experience. For example., even a duplicate set of spacecraft based on
the CRAE/Cassini  program with a rcpe.titive procurement would cost two to three times more.
This Cassini  orbiter spin-off approach tc) a Pluto Flyby mission would have involved more than a
dozen instruments with greater capability, but. would far exceed what the Outer Planets Science

13



Worting &oupdeemed  mndatory f[~rthe first l'lutomissic>n, These. cost reduction techniques
are summarized in Table 5.

FY93 Mission Requirements

At the end of FY92, an additional requirclnent wos placed on the mission tcr introduce substantial
new technology into the project, as indicated in Table 1. The rationale was that in addition to the
scientific and exploration basis for the missicm to Pluto, ~~ational interests were also served by
accelerating the introduction of new tcchno]ogies. These technologies would be used in future
space missions with some technologies likely to spin-off t c) commercial uses. In addition, public
outreach and student invc)lvement WCI e emphasized as an important aspect of the project.

Substantial amounts of aclvanced technology arc 10 be introduced without any relaxation of the
other requirements such as a mission development cost cap of FY92$ 400 million. This was a
severe challenge since introducing numerous new technologies usually increases cost and schedule
risk.

The Pluto team responded in early FY93 by creating an Advanced Technology Insertion activity
to transfer new technology to the l’luto project from sout ces in industry, academia and federally
funded research and development cenlcrs. The new technologies are also expected to reduce
spacecraft mass, thus reducing cruise time i~ld compensating for the lengthening of the
development project to introduce new technologies, The. ’92 baseline is used as a collection of
subsystem fall back positions to mitig,rdc incl eased develc~prnent risk when necessary.

Afler establishing a list of potential sources of new hardware and soflware technology, over 1200
requests for information were sent. Aller evaluating responses, workshops were held describing
the range of project needs for new technchgy. Finally, after the requested information was
evaluated, 16 procurements or agreements were irlitiated for prototype hardware and sofiware.  A
NASA research announcement was issued early in 1993 for the purpose of finding and
demonstrating promising instrument t echnolc)~ics.  As result of these initiatives, key technologies
listed in Table 6 emerged as applicable. to the Pluto project (Staehle, e~ al. 1993).6

One of the key indicators of improved performance is reduced subsystem mass. If the launch
system is the same, this translates into reduced cruise time to Pluto for direct trajectories. The ’92
baseline spacecraft mass (including payload) went from 165 kg to 119 kg in the ’93 baseline. The
greatest improvements were in the telecommunications and propulsion subsystems, with
significant improvements possible in structure and electric power.

The project schedule was translated one yew from the ’92 baseline, and the project start was set
for FY96 with a 3.5 year phase (YI 1 and a dual launch in JarW_eb ’99. The estimated cost for
mission development (project start to launch -I 30d) is FY93$ 322 million. Because of the large

——- .—— —
6RObCrI L. Staehlc, Stephen Brewster, Doug Ckldweli,  John C-arraway,  Elaine Hansen, Paul Henry, Marty Hem
Glen Kisscl, Shirley Peak, Chris Salvo, km St?and, Richard ‘Rx&, hbrk Underwood, Beth Wahl, and Stacy
Weinstein, “Pluto Mission Progress Report: Lwcr Mass and Flight Time Through Advanced Technology
Insertion.w 

44th Congress  of the International A.vtrmouticol  Fderofiofi,  Graz, Austria, October 16-22, 1993.
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number of new technologies, substantial funding was needed prior to project start, When FY95
(Phase B) is added, the total is FY93$ 383 million which is essentially the same as estimated at the
end of FY92. The ’93 Baseline cost breakdown for the phases B + VI) is shown in Table 4.

To keep the cost less than the cap of FY92$ 400 million while substantially increasing the use of
new technology, project risk was increased by dt opping t he building and system testing of a flight
prototype system. Hardware development wcwld go directly from engineering model at the
assembly level, to flight units. In addition to staying within the cost cap, the mission objective to
launch as soon as practical (5+ years for phases A, B and C/J)) was maintained. This required a
large increase in fimding after the first year, and the phase B buclget was FY93$ 61 million to
accelerate the phase B work so that it could be done in one year. Est imatecl  total NASA life cycle
cost of the project fi-om phase 1] tc) encounter at l’luto plus 1 year for data analysis including the
launch system and mission operations for 10 years, was }Y93$I, 100 million.
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Figure I PLUTO ’93 BASELINE DESIGN
THERE ARE MANY IMPROVEMENTS OVER THE FY 92 BASELIATE



Propulsion subsystem mass went fron] 20 tc~ 10 kg based on use of miniaturized pressure
regulators and valves, a composite over-rapped p] essurardpropcllant  tank, and a surface tension
propellant management device. Mass of the hydrazinc monopropclhmt was reduced from 24.6 to
7 kg with improvements in the injection accuracy by usin~ 3-axis stabilization of the upper stages
plus reduction of the overall spacecraft mass. The ’92 design using all aluminum structure was
changed to a mix c)f aluminum and graphite-cpox y composite, and the cabling and connectors
mass were minimized to reduce structure tmd cabling subsystem mass from 20 to 14.6 kg.
Improved thermal zoning with the RTG eliminated the need for small, separate radioisotope
heater units and for controllable electrical heaierx in the thermal subsystem, Central power
conversion with several voltages available was enabled by small size and short cable runs.

Advanced power conversion technologies such as alkali  metal thermoelectric conversers and
ihermophoiovoltaic  converters were. considered with the potential to significantly reduce the mass
of the power subsystem. However, both of these. technologies were. felt to be too immature to
meet the Pluto mission’s schedule requirements (I~Y99 Iriunch). A change in the RTG’s support
structure did allow a mass reduction from 23,2 to 19.4 kg fc)r the ’93 baseline.

Lower Cost Features in the ’93 Ilaseline

The introduction of these advanced t echnologies did reduce the mass by nearly 50 kg. This in
turn reduced mission operations costs on the direct trajectory because. the launch system could
impart a higher Earth escape velocity.

For the baseline RTG power source c)ption, a plan was devised to usc the spare fuel elements
from the Cassini  RTG rather than new fuel, and this reduced cost substantially. Although the
nuclear fiel was aged and generated less heat. than new fuel, a small RTG could be built with
sufficient power by using 6 of the genera] purpose heat source modules. Two flight units and a
fueled spare were possible at a cost savings of at)out $2S million (the Cassini  spare has 18
modules).

The approach to mission operations was modified some.whnt by using a combined team at JPL
(operations at critical times or fos anomakm events) and a university team (many routine
operations at a remote site using students and professionals). Eight hours of tracking and data
collection per week are planned.

The full-up prototype system (which acted as a flight spare spacecraft) was dropped as a
significant cost saving item, increasing the risk of successfully completing the project within
schedule and budget. A number of c.ompensat irkg risk reduction and cost saving features were
introduced into the ’93 baseline project in a wide range of areas such as: teaming and organization
(Table 7), design approach (Table 8), NA.SA role (Table 9), information system and project
control (Table 10), and the procurement approach (Table 11). All these cost reduction techniques
used in the ’93 Baseline Pluto Missiorl arle summarized in Table 5.

The approach used for teaming and p~-c)ject orgtinization have a great deal to do withthe people
productivity in executing a project. Although technology receives most of the emphasis in
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Table 8 New Flight System Design Approach

concurrent design of all systems while keeping t~ ack of life-cycle cost, mass, power,
performance, and schedule

concurrent development from day one with persons responsible fo~ all major WBS deliverables
involved

integration of the design and implementation c]f the sysiem software of the flight and the ground
data systems, and their incorporation within a single. end-to-end information system

use of breadboard for Advanced Technology Ilisertion technology, and brass board hardware
for almost all subsystems, and system t csting of the. brass board equipment

establish length of development schcdulc rmd don’t change. it

use common high order language and same operating system rind S/W in ground tests as in
flight operations, and onboard RISC processor

simplified approaches to flight operations, to the role of requirements in design, and the
approach to project documentation

basing reliability on Class C missicm approach with sotne tailoring for critical items

spares limited to assembly level (integrate.d) items with procurement time greater than 6 weeks

eliminating radioisotope heat ing units by usinp, RTG via a thermal zone configuration design*

This applies to the baseline concept only. Ot hcr power source opt icms might necessitate the use
of R}NJs. A final decision on the pcnver source. will not occur until aflcr completion of mission
options tradeoffs during Phase. Afll.
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Table 9 Suppol-tive NASA Role

early decision on key project components that drive launch appl oval/National Environmental
Policy Act compliance work such as new project start dates, launch dates, etc.

. early interagency agreement on production process fo] environmental impact statement launch
system safety data book, and safety tmalysis repor[ gelvmtion

- timely release of notice of intent by NASA as part of the environmental impact statement
process

- timely direction by NASA in launch vchiclr.  choice

more substantial early budgets to make investments required to reduce life cycle costs

Table 10 Improved Infcmmaticm System tmd PI eject Control [Jsed in ’93 Baseline

simplified; flexible drawing and drawin~ relerrsc systell 1

thoroughly record important work

requirements documents less than 1 page

no written document generated until a u set re.ques[s it

no document generated unless team car-rying out project needs par titular document

document a new design by as-built (earlier g,encration plus chang,ctidehas)

use a risk management approach throughout the mission development that includes risk
identificrtt ion, risk tracking and risk mitip.tition $t~ ate~ies for technical, cost, schedule and
programmatic risks

establish reserves and allocate via plan for COSI, schedule ancl flight system design margins

use of integrated schedules and a simplified earned value system with frequent statusing to
maintain better cent rol c)f t }m p] eject

low disruption potential planning with pessimistic (low budget) approach to detailed planning
for next fiscal year
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Table 11 Improved Procurement Approach Usc,d in ’93 l]meline

establish specificationshequirements  p] ior to contracti) Ig

makdbuy  decisions based on cost and most qutilifiec! source

buy hardware and sofiware, not designs ml(i stl]dies

set difllcult specifications where they coumt (to achieve cost, mass, power usage goals) and
relax elsewhere

implement cost cap contracts
communicate importance of cost pcrforrnfincc to contractor 0;0s
no contract mods without primary acccnmtabic team rncmbcr approval (the
primary accountable. is the. technic.al lead scporting to the project manager)

minimum RFP agenda

streamline University ccmtract  ing, i, c. two page cent rac

use contractor procedures

pius cover ictter

use frequent

reporting fortnat
product assurance
delegate contractor rcs]mrisibility to get good vendor bids for subcontract work

informal cost and scheduie status discussions between JPI. and contractor
cognizant individuals

use simple contract cost and

solicit contractor ideas on:

schedule monitoring and n lanagemcnt tools

- commercial applications
- competitiveness
- educational benefits
- ways for government to amplif)’ benefits

contract for current item with option to producr, next S( ep in development

include contractors in project team ami avoid adversarial relationships to improve
communications, avoid misundcl stamiing and reduce ccmts

provide contractor with timely funding uniess agreeci otherwise

implement “just in time” approach
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Table 13 Other Factors Used to Reduce. ’94 13aseline  (Iosts, continued







real time cost actuals. The combhation will allow a better planned and executed project at lower
overall cost and risk.

6. Uose Aligrment with the_Ngw h4i!l~;111~iuIl~ .l~gh~cJl.ogy.l>~v~!cJ]  Jn~.c.n~and Demon~afi
~r.~: Pluto Express and the New Millcrmium  Program are closely linked, with key staff dual
appointments, and frequent, informal coordinatio:l arnonp, mrmy other team members. New
Millennium will develop and flight denmnstrat e rwiny of the key technologies needed for Pluto
Express. Not only will Pluto Express USC. the demonst rat cd technologies, but will attempt to use
the actual devices without change in design throu~h exercising a next-unit purchase option in the
contracts opened by New Millennium. in some, 81 eas, this will allow }’h.rto Express to eliminate
most development costs and to obtain flighl units at rccutring costs. in addition, to reduce the
cost of the mission operations (phase II.), a significant amcnmt of flight system automation will be
developed in New Millennium and utiliiwd by Pluto Express.
It is expected at this time that the Pluto team will mec.t the current set of requirements for this
mission to the edge of the Solar Syst cm, In todtiy’s t umultuous fiscal environment, it is not clear
how the requirements will continue to CVOIVC  and whether Pluto will] cmain “not yet explored”
for the foreseeable future.
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